Abstract * To whom correspondence should be addressed 1 Magnetization curves of two rectangular metal-organic coordination networks formed by the organic ligand TCNQ (7,7,8,8-tetracyanoquinodimethane) and two different (Mn and Ni) 3d transition metal atoms [M(3d)] show marked differences that are explained using first principles density functional theory and model calculations. We find that the existence of a weakly dispersive hybrid band with M(3d) and TCNQ character crossing the Fermi level is determinant for the appearance of ferromagnetic coupling between metal centers, as it is the case of the metallic system Ni-TCNQ but not of the insulating system Mn-TCNQ. The spin magnetic moment localized at the Ni atoms induces a significant spin polarization in the organic molecule; the corresponding spin density being delocalized along the whole system. The exchange interaction between localized spins at Ni centers and the itinerant spin density is ferromagnetic. Based on two different model Hamiltonians, we estimate the strength of exchange couplings between magnetic atoms for both Ni-and Mn-TCNQ networks that results in weak ferromagnetic and very weak antiferromagnetic correlations for Ni-and Mn-TCNQ networks, respectively.
Introduction
Understanding the magnetic behavior of low dimensional systems is a challenge that has recently given rise to a number of works. [1] [2] [3] [4] Additionally, several studies have proposed systems showing high temperature ferromagnetism. [5] [6] [7] [8] [9] [10] However, in general, it is hard to predict the type, strength and range of magnetic interactions responsible for the existence of magnetic order. The kind of systems that have been explored in recent years is rather vast, ranging from substitutional magnetic impurities in graphene, 11 dilute magnetic semiconductor nanocrystals, 12 hydrogenated epitaxial graphene 6 to molecular magnets. 13 In particular, bulk molecular crystals 14 are especially attractive to us because two-dimensional (2D) metal-organic coordination networks (MOCN) on surfaces can be considered their analogues, as coordination chemistry compounds.
Of special interest is the growth of monolayer films on single crystal surfaces using selfassembly techniques to form 2D coordination networks made of 3d transition metal atoms and organic ligands. [15] [16] [17] This permits to achieve a relatively high surface density of magnetic moments, localized at the 3d transition metal atom centers and forming a regular 2D structure with the organic ligands. In this way, metal atom cluster formation is avoided. However, critical temperatures in low dimensional systems are known to be much lower than in bulk three dimensional crystals. 14, 18 Indeed, 2D isotropic systems with finite range exchange interaction cannot show long range ferromagnetic order at finite temperatures. 19, 20 In this work we study the low temperature magnetic behavior of MOCNs formed by selfassembly of 3d transition metal atoms and strong acceptor molecules on surfaces. In particular, we focus on the case of rectangular lattices with 1:1 stoichiometry and 4-fold coordination, that are known to form on metal surfaces, like Ag(100) or Au(111). 21 Those structures represent easily accessible and tunable experimental realizations of electronic correlated systems and are, therefore, also interesting from a fundamental point of view.
Previous studies 21, 22 suggest that, in the case of non-reactive surfaces like Au(111), the underlaying substrate on top of which the metal-organic coordination network is grown plays only a minor role in determining the overlayer electronic properties, such as the type of bonding and coordination between the 3d metal centers and the organic ligands. This is due to the formation of strong lateral bonds between the metal atoms and the organic molecules, which lift up the metal atoms from the surface and reduce, consequently, the surface to metal interaction. 21, 23 However, there are other metal surfaces, such as Cu(100), in which a significant charge transfer between the surface and the metal-organic network takes place. 24 We specifically wonder whether this minor role of the substrate still holds for the magnetic interaction between the 3d transition metal atom spins when they are embedded in a 2D MOCN, including the sign, strength, and range of the spin-spin coupling, as compared to the case of 3d transition metal impurities on metals, where metal surface electrons mediate RKKY-type interactions. 25 In principle, for the same organic ligand, stoichiometry and coordination, one could expect that the particular 3d transition metal atom center in the 2D MOCN is determinant in the type of magnetic interaction (FM or AFM) depending on the 3d manifold energy level structure close to the Fermi level. As shown below, our results based on density functional theory (DFT) calculations at T=0 confirm that this is indeed the case because they permit to explain the observed trends in the measured X-ray magnetic circular dichroism (XMCD) data with the help of two model Hamiltonians.
Results and Discussion
Figure 1: (color online)(a-b) STM images of (a) Ni-TCNQ and (b) Mn-TCNQ networks selfassembled on Au(111). The model for the unit cell structure is superposed to the images. (Scale bar in both images = 1 nm) (c-d) XAS and corresponding XMCD spectra for l' Ni-TCNQ and (d) Mn-TCNQ networks for normal (0 • ) and grazing (70 • ) x-ray incidence angles. Note that because of the low coverage the metal L-edges are superposed to the XAS background of the substrate (shown for normal incidence). (T = 8 K, B = 5 T; XMCD: 0 • =blue and 70 • =black). (e-f) Magnetization curves for (e) Ni-TCNQ and (f) Mn-TCNQ obtained as the L 3 peak height vs magnetic field (T = 8 K) at normal (squares) and grazing incidence (solid triangles). For comparison the magnetization curves were normalized to 1 at B = 5 T.). The curves labeled Brillouin in (e) and (f) correspond to the paramagnetic behavior for S=1(e) and S=5/2 (f), respectively, at T=8 K (see the text).
Figures 1 a) and b) show STM topographical images of Ni-and Mn-TCNQ networks with a stoichiometry of 1:1 on Au(111), respectively. Each molecule forms four bonds to metal atoms via its cyano groups. Details of the structures can be found in Refs. 21, 22 Figures 1c) and d) show x-ray absorption (XAS) spectra recorded at the metal L 2,3 -edge for parallel (I + ) and antiparallel (I − ) alignment of the photon helicity with the magnetic field B at normal (∼ 0 • ) and grazing (∼ 70 • )
x-ray incidence. The corresponding XMCD spectra, defined as I − − I + , are shown at the bottom of the panels. Note, that because of the low coverage the data is superposed to a temperature dependent extended x-ray absorption fine structure background of the substrates. Background data is exemplarily shown for normal incidence. The metal coverage is estimated to 0.03 monolayers for the networks, one monolayer being one metal atom per site in the Au(111) top most layer.
Both metal centers show pronounced fine structure of the white lines which originate from atomic multiplets of the final state configurations. This signifies electronic decoupling from the metal substrate and the formation of well-defined coordination bonds to the TCNQ molecules. The anisotropy in the XAS lineshape between normal and grazing incidence reflects the low symmetry environment of the metal centers. The XAS lineshapes of the Ni and Mn centers are compatible with d 8 and d 5 electronic configurations, respectively. 21, 26, 27 Thus, we expect unquenched spin moments of S=1 and S=5/2 for Ni and Mn, respectively, as evidenced also by the sizable XMCD intensity.
The possible magnetic interaction between the individual metal centers is revealed in the magnetization curves obtained as the XMCD L 3 peak 28 intensity (T = 8 K) normalized to 1 at B = 5 T for comparison (see Fig. 1e ,f). For both structures the magnetic susceptibility shows no strong apparent anisotropy. However, for the Ni-TCNQ network the curves show a stronger S-shape compared to Mn-TCNQ. This indicates ferromagnetic coupling between the Ni atoms, since we expect a smaller spin moment of S=1 for Ni compared to S=5/2 for Mn. Further insight can be drawn from the analysis of the shape of the magnetization curves by comparing them to the Brillouin function 29 of the respective spin moment. The curves labeled Brillouin have been added to the panels 1e) and f) with S=1 and S=5/2, respectively, assuming an isotropic g=2 factor. This approximation is based on the fact that in our systems the orbital moment is either isotropic (Ni) or very small (Mn). In neither case, can the g-factor account for the observed shape in the magnetization curves. The Ni magnetization curves differ clearly from the paramagnetic S=1 susceptibility, whereas the Mn ions follow more closely the expected S=5/2 behavior. Our first principles and calculations and subsequent estimates of the exchange coupling constants using model Hamiltonians are consistent with this observations. Next we discuss the results from DFT calculations for both systems: Ni-TCNQ and Mn-TCNQ free standing overlayers excluding the Au(111) metal substrate. The free-standing-overlayer approximation, i.e., the neglect of Au(111) in our first principles calculations, is based on our previous finding 22 of weak coupling between Mn-TCNQ overlayers to Au(111), whose direct fingerprint is the observation of the herring bone reconstruction after the Mn-TCNQ network is grown on Au(111). We focus first on the projected density of states (PDOS) onto different 3d metal atom orbitals, as well as onto TCNQ(p z ) that permit to identify molecular orbitals close to the Fermi level, like the lowest unoccupied molecular orbital (LUMO). The 2D planar structure is located in the XY plane. Figure 2 Being aware that our DFT calculations underestimate the HOMO-LUMO gap of the TCNQ molecules, 30 it is worth to mention that our estimated values for the exchange coupling constants (J) below are only an order of magnitude estimate. This is due to the approximation of considering Kohn-Sham (K-S) eigenvalues as true eigenvalues with physical meaning. Strictly speaking, only the last occupied K-S orbital has physical meaning, which in our systems is the minority LUMO that is hybridized to a minor or greater extent with 3d atomic orbitals of the Mn or Ni transition metal atoms, respectively. In practice, this approximation affects more the value of the hoppings (t) than the energy denominators in our 2nd and 4th order perturbative models described in the next sections to estimate J for Ni-TCNQ and Mn-TCNQ. Therefore, we insist in the limited validity of our accuracy in determining the values of J, the important point being that that they differ by two orders of magnitude and in their sign that corresponds to FM coupling in Ni-TCNQ and very weak AFM coupling in Mn-TCNQ.
Model for Ni-TCNQ ferromagnetism
The mechanism of ferromagnetism in Ni-TCNQ is similar to the one described by Zener in 1951. 31 Localized spins and itinerant spin density are coupled via the Heisenberg exchange interaction, which assumes the ferromagnetic sign if the hybridization of the conduction electrons (dispersive LUMO band) with a doubly-occupied or empty d orbital of the magnetic center (3d xz and 3d yz ) is sufficiently strong. Indeed, owing to Hund's rule in the d shell, it is energetically favorable to induce a spin polarization parallel to the d-shell spin. The itinerant spin density, however, forms at an energy penalty determined by the dispersion of the conduction band; the larger the density of states at the Fermi level, the easier is for the itinerant spin density to form.
From the DFT results, we learn that each Ni atom in the Ni-TCNQ network hosts a local spin S = 1/2, localized in its d xy orbital, whereas the LUMOs of the TCNQ molecules couple together to form a band of itinerant electrons. To describe the magnetic properties of the Ni-TCNQ network, we employ the model Hamiltonian
where J is the exchange coupling constant between the Ni spin S S S i and the itinerant spin density s s s(r r r j ) at the TCNQ site r r r j . For each Ni site i, the sum over j runs over its 4 neighbouring TCNQ molecules. The spin density operator reads
where c † k k kσ creates an electron with wave vector k k k = (k x , k y ) and spin σ =↑, ↓ in the conduction band, N is the number of lattice sites, and τ τ τ = (τ x , τ y , τ z ) is a set of Pauli matrices. The conduction band has dispersion
where t x and t y are the tunneling amplitudes between LUMOs of neighbouring molecules along . To keep our discussion simple, we dispense with the splitting between the d xz and d yz orbitals induced by the ligand field. 32 We thus adopt π/4-rotated orbitals, Furthermore, we remark that the flip-flop terms are accounted for in the spin-wave theory. In 2D, however, the spin-wave expansion works only in the presence of a sufficiently strong magnetic field and at low temperatures, such that the average spin S z is close to 1/2. In this region of B, the magnetization curve is nearly flat and the accuracy of such a fitting (by spin-wave theory) is poor. Note that the experimental data, i.e., the XMCD intensities, are only proportional to the magnetization; the fitting procedure uses, thus, an arbitrary scaling factor to rescale the measured curve as desired.
One might envision that the magnetization curve calculated within a more accurate theory agrees well with the one obtained using the Weiss theory, if J is replaced in the latter by a running coupling constant J(T ). Then, this effective coupling J(T ) should tend to J at high temperatures and to zero at low temperatures. While this is only a conjeccture, we remark that such a running coupling constant readily occurs in this model due to the build up of Kondo correlations. Since J is ferromagnetic, the scaling due to the Kondo correlations acts to reduce the magnitude of J. 34 However, this reduction is rather weak (a factor of 2 at most) and cannot validate the use of the Weiss theory at arbitrary low temperature. Nevertheless, the agreement between the Weiss theory and the measured data is very good at T=8 K (see Fig. 6 )
Model for Mn-TCNQ antiferromagnetism
The mechanism of anti-ferromagnetism in Mn-TCNQ is similar to the one described by Anderson in 1950. 35 
where J is the coupling constant obtained from superexchange.
In order to estimate J, we assume that the Coulomb interaction between electrons is local, i.e. 
where ∆ is the energy distance shown in 
Conclusion
In conclusion, our XMCD data for Ni-TCNQ and Mn-TCNQ networks on Au(111) with the same 1:1 stoichiometry and 4-fold coordination show very distinct magnetic behavior: only the Ni-TCNQ network shows ferromagnetic coupling between the Ni spin magnetic moments.
With the help of first-principles DFT+U calculations we have been able to explain the qualitative differences between the two systems and extract parameters for the perturbative model Hamiltonians. These permit an order of magnitude estimate of the exchange coupling constants (J), no matter whether DFT+U calculations have limitations due to the underestimation of the HOMO-LUMO gap and the choice of the U parameter value.
A fit of the measured magnetization curve for Ni-TCNQ assuming S=1 magnetic moments localized at Ni sites, 21 
Methods
The STM experiments were carried out in an ultra-high vacuum chamber with a base pressure of better than 2 × 10 −10 mbar in the preparation chamber and lower than 1 × 10 −11 mbar in the STM.
The Au(111) surface was cleaned by repeated cycles of Ar + sputtering and subsequent annealing to Calculations for Ni-TCNQ and Mn-TCNQ were performed with the Vienna Ab Initio Simulation Package (VASP). 36, 37 These systems were modelled with a periodic supercell, the ion-electron interaction was described with the Projector Augmented-Wave (PAW) method, 38 whereas the exchange and correlation potential was taken into account by the Generalized Gradient Approximation(GGA). 39 In 
Extraction of J fitting magnetization curves
We consider the Weiss theory 41 and s z ≡ s z (r r r j ) are found by solving two coupled equations,
Here, ε Z = 1 2 gµ B B is the Zeeman energy, f (ε) is the Fermi-Dirac distribution function, and ν ↑/↓ (ε) = ν(ε ± ε Z ± 2JS z ), with ν(ε) being the density of states of the itinerant carriers. For simplicity, we approximate the integral in Eq. (6) by the mean-value theorem, assuming that ν(ε) changes weakly on the scale of ε Z + 2JS z . The resulting effective band width is then approximated by the density of states at the Fermi level, W ≈ 1/ν(µ), and the chemical potential µ is assumed to be independent of B. 42 With the help of this simple theory, which has J and W as unknown parameters, we obtain magnetization curves similar to those measured for Ni-TCNQ. An example is shown in Fig. 6 , where, for J = 5.55 meV and W = 100 meV, we reproduce the shape of the XMCD curve measured for normal x-ray incidence (same data set as in Fig. 1 (e) ). The XMCD signal is multiplied by a constant factor, which is regarded as a fitting parameter. Furthermore, similar fits to the same data set can be obtained for different combinations of values of J and W . For instance, we swept W from 20 meV to 500 meV and for each value of W we could find a value of J for which a fit as good as the one in Fig. 4 l' was produced. The value of J extracted from the fitting procedure scales as This is to be contrasted with the 1-k point case discussed above, for which one has an admixture strength of (4t/ √ 2) 2 /∆ 2 arising from coherent addition. In practice, we performed a 24-k point DFT calculation and found that the values of t extracted by both methods coincide within expected accuracy.
Extraction of J from DFT calculations
Having extracted t, ∆ S , and ∆ T from the projected DOS, we estimate J ≈ 22 meV and t ′ ≈ −31 meV using the expressions for J and t ′ : J = t 2 (1/∆ T − 1/∆ S ) and t ′ = −t 2 (3/4∆ T + 1/4∆ S ).
To determine the remaining unknown parameters, t x and t y , we compare the spectrum of the majority LUMO band computed in DFT and the expression in Eq. (??). The two spectra agree well for t x ≈ −32 meV, t y ≈ 42 meV, and t ′ ≈ −26 meV. Note that the difference between the two values estimated for t ′ is about J/4 and may be attributed to the fact that we dispensed with some terms 33 when deriving Eq. (??). A more rigorous calculation shows that the spectrum of the majority LUMO band is given by the expression in Eq. (??) with t ′ → t ′ ↑ = −t 2 (1/2∆ T + 1/2∆ S ) ≈ −25 meV. Similarly, for the minority LUMO band, one expects t ′ → t ′ ↓ = −t 2 /∆ T ≈ −36 meV,
i.e. the minority LUMO band is somewhat wider than its majority counterpart. However, the DFT calculation shows also that the minority LUMO band mixes strongly with the d xz orbital, since the d xz orbital lies close in energy to the LUMO. Therefore, our results derived with the help of perturbation theory are only qualitatively correct in this case. Nevertheless, a rough estimate for W can be given either from the projected DOS or from the DOS evaluated for the dispersion relation in Eq. (??). The latter method yields W ≈ 113 meV, whereas the former W 400 meV.
